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ABSTRACT

Prenatal exposure to diethylstilbestrol (DES) is known to cause
altered immune functions and increased susceptibility to auto-
immune disease in humans. In the current study, we investi-
gated the effect of prenatal exposure to DES on thymocyte
differentiation involving apoptotic pathways. Prenatal DES ex-
posure caused thymic atrophy, apoptosis, and up-regulation of
Fas and Fas ligand (FasL) expression in thymocytes. To exam-
ine the mechanism underlying DES-mediated regulation of Fas
and FasL, we performed luciferase assays using T cells trans-
fected with luciferase reporter constructs containing full-length
Fas or FasL promoters. There was significant luciferase induc-
tion in the presence of Fas or FasL promoters after DES expo-
sure. Further analysis demonstrated the presence of several
cis-regulatory motifs on both Fas and FasL promoters. When
DES-induced transcription factors were analyzed, estrogen re-
ceptor element (ERE), nuclear factor kB (NF-kB), nuclear factor

of activated T cells (NF-AT), and activator protein-1 motifs on
the Fas promoter, as well as ERE, NF-kB, and NF-AT motifs on
the FasL promoter, showed binding affinity with the transcrip-
tion factors. Electrophoretic mobility-shift assays were per-
formed to verify the binding affinity of cis-regulatory motifs of
Fas or FasL promoters with transcription factors. There was
shift in mobility of probes (ERE or NF-kB2) of both Fas and FasL
in the presence of nuclear proteins from DES-treated cells, and
the shift was specific to DES because these probes failed to
shift their mobility in the presence of nuclear proteins from
vehicle-treated cells. Together, the current study demonstrates
that prenatal exposure to DES triggers significant alterations in
apoptotic molecules expressed on thymocytes, which may af-
fect T-cell differentiation and cause long-term effects on the
immune functions.

Introduction

Diethylstilbestrol [DES; 4,4’-(3E)-hex-3-ene-3,4-diyldiphe-
nol] is a potent synthetic estrogen. From the 1940s to the
1970s, pregnant women were administered DES to treat
“pregnancy-associated” problems. Shortly after the link of
prenatal DES exposure with adult onset of reproductive ab-
normalities was established, the use of DES was banned.
However, by the time the use of DES in pregnant women was
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banned, nearly 2 million to 5 million pregnant women had
already been exposed to DES (Marselos and Tomatis, 1992a,b).
Previous studies had demonstrated that prenatal exposure to
DES can cause thymic atrophy and apoptosis in T cells (Brown
et al., 2006a,b). There were also reports that neonatal exposure
to DES had effects on the reproductive system (Herbst et al.,
1971; Golden et al., 1998). However, the precise mechanism by
which DES causes thymic atrophy or the fetal immune dysfunc-
tions has not been thoroughly explored.

The murine thymus has been shown to be sensitive to DES
when exposed for a short time during the neonate and adult
stages of mice (Forsberg, 2000; Besteman et al., 2005; Brown
et al., 2006a,b). Inasmuch as the thymus is the primary
organ for the development of T cells that are long-lived and
vital for immune competence, any alterations in this organ

ABBREVIATIONS: DES, diethylstilbestrol; AP-1, activator protein-1; COMP. competition; DMSO, dimethyl sulfoxide; DRE, dioxin responsive
element; EMSA, electrophoretic mobility-shift assay; ER, estrogen receptor; ERE, ER element; FasL, Fas ligand; GD, gestational day; Mut, mutant;
NE, nuclear extract; NF-AT, nuclear factor of activated T cells; NF-«B, nuclear factor xB; PBS, phosphate-buffered saline; pCMV, porcine
cytomegalovirus; PCR, polymerase chain reaction; PE, phycoerythrin; RLU, relative light units; RT, reverse transcription; SP1, specificity protein
1; TAM, tamoxifen; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; VEH,
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may have notable immunological consequences. DES initi-
ates early signaling primarily through the estrogen receptor
(ER) and regulate the expression of various genes (Brown et
al., 2006a,b; Miyagawa et al., 2011). Previous studies have
demonstrated that DES caused a decrease in prothymocyte
stem cells (Holladay et al., 1993) and a decrease in double
positive CD4"CD8" cells (Smith and Holladay, 1997; Brown
et al., 2006a) and induced cell death in thymocyte subsets
CD47CD8", CD4"CD8~, and CD4 CD8" (Calemine et al.,
2002; Brown et al., 2006b). DES has also been shown to
induce apoptosis of double negative CD4 CD8  cells in a
fetal thymic organ culture system (Lai et al., 2000). One of
the key mechanisms of apoptosis is the extrinsic pathway
involving Fas and FasL. Nair and Shaha (2003) have shown
that DES caused apoptosis in spermatogenic cells of rat via
Fas and the FasL pathway. In this study, therefore, we
investigated the molecular mechanisms leading to the regu-
lation of Fas and FasL by DES.

Regulation of a gene is controlled by distinct protein-DNA
interactions at its promoter. Earlier studies had identified
c-myc and Nur77 as transcription factors involved in the
regulation of Fas and FasL expression (Davis and Lau, 1994).
Several other transcription factors that include nuclear fac-
tor of activated T cells (NF-AT), p53, ceramide, members of
c-Jun NH,-terminal kinase/stress-activated protein path-
ways, and NF-kB have been identified to regulate the expres-
sion of Fas and FasL genes (Sharma et al., 2000). Studies
from our laboratory have demonstrated the regulation of Fas
and FasL involving DRE and/or NF-kB motifs present in
their promoters (Singh et al., 2007). We have also shown that
TCDD/aryl hydrocarbon receptor interaction in thymic stro-
mal cells led to the activation of NF-kB and its migration
from the cytosol to the nucleus, where it participated in
up-regulation of FasL expression (Camacho et al., 2005).
Furthermore, NF-«kB has also been shown to up-regulate the
expression of Fas (Puga et al., 2000; Schlezinger et al., 2000;
Sulentic et al., 2000; Baba et al., 2001; Zheng et al., 2001).

The precise mechanism of DES-mediated regulation of Fas
and FasL genes with respect to the specific transcription
factors has not been well characterized and understood.
Therefore, the aim of the present study was to elucidate the
molecular mechanisms of DES-mediated regulation of Fas
and FasL gene expression during the development of the
immune system and examine the role of ERE and NF-«xB
motifs in the regulation of these genes.

Materials and Methods

Mice. Normal and pregnant (GD 14) mice (C57BL/6: H-2°) were
purchased from The Jackson Laboratory (Bar Harbor, ME). The
animals were housed at the University of South Carolina Animal
facility. Care and maintenance of the animals were carried out in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals (Institute of Laboratory Animal Resources, 1996).

Cell Line. The mouse T cell lymphoma cell line (EL4) was main-
tained in complete RPMI 1640 medium (10% heat-inactivated fetal
bovine serum, 10 mM L-glutamine, 10 mM HEPES, and 100 pg/ml
penicillin/streptomycin) at 37°C and 5% CO,,.

Reagents and Antibodies. DES was purchased from Sigma-
Aldrich (St. Louis, MO). HEPES, L-glutamine, RPMI 1640, PBS, and
fetal bovine serum were purchased from Invitrogen (Carlsbad, CA).
Mouse monoclonal antibodies [anti-mouse IgG, FcBlock, anti-
FasL-PE (Kay-10), and anti-Fas-PE (Jo2)] were purchased from BD

Pharmingen (San Diego, CA). A TransFactor Universal Chemilumi-
nescent kit was purchased from Clontech Laboratory, Inc. (Mountain
View, CA). pGL3-basic vector was from Promega (Madison, WI);
pCMV-B-galactosidase vector was from Clontech Laboratory, Inc.; an
Amaxa Cell line Nucleofector transfection kit and Mouse T Nucle-
fector transfection kit were purchased from Lonza Cologne GMBH
(Cologne, Germany); and the Dual-Light system was purchased from
Applied Biosystems (Foster City, CA). A RNeasy Mini kit and iScript
cDNA synthesis kit were purchased from QIAGEN (Valencia, CA).
Epicenter’s PCR premix F and Platinum Taq Polymerase kits were
purchased from Invitrogen. T4 polynucleotide kinase was purchased
from New England Biolabs (Ipswich, MA), and NICK columns were
purchased from GE Healthcare (Chalfont St. Giles, Buckingham-
shire, UK). Anti-Fas primary polyclonal antibody (Ab-1) was pur-
chased from Calbiochem (San Diego, CA), and anti-FasL primary
polyclonal antibody (AB16982) was purchased from Millipore Corpo-
ration (Billerica, MA).

In Vivo Exposure of Pregnant Mice with DES. To determine
the effect of DES on the thymus in normal adult mice and their
fetuses, a single dose of DES (5 pg/kg) was administered (intraperi-
toneally) into pregnant C57BL/6 mice on GD 14. We chose to use GD
14 pregnant mice for all of our experiments, because by that time
fetuses are not fully developed, so the effects of DES can be fully
exploited. In addition, we used DES (5 pg/kg) based on previous
studies from our laboratory (Brown et al., 2006a) and studies from
other laboratories (Yoshida et al., 2011; Rowas et al., 2012). On days
2 (GD 16) and 4 (GD 18) post-DES treatment, thymic weight and
cellularity of both mothers and fetuses were determined. Mice
treated with vehicle (VEH; corn oil) were used as control. For each
treatment group, at least three pregnant mice were used, and from
each pregnant mother we obtained an average of eight pups. To
reduce the variability among the pups in each litter, we combined the
three litters from each treatment group to generate a pool of ~24
pups. Because of low thymic cellularity in the fetus, thymi from
approximately five pups were randomly pooled per sample, and the
replicate pools were used for statistical analysis.

Preparation of Thymocytes and Detection of Apoptosis in
Thymocytes. Thymi from mice and fetuses were harvested and
placed in complete RPMI 1640 medium. Single-cell suspensions of
thymi were prepared as described previously (Camacho et al.,
2004a,b). Cell viability was determined on a hematocytometer
(Hausser Scientific, Horsham, PA) by staining the cells with trypan
blue dye and using an inverted phase-contrast microscope (Nikon,
Inc., Melville, NY). For calculating thymic cellularity, the data were
expressed as total number of thymocytes/mice. For statistical anal-
ysis, five to six replicate pools were compared from each treatment
group and depicted as mean = S.E.M.

Thymocytes from mice exposed to DES or VEH were analyzed for
apoptosis by using the TUNEL assay kit (Roche Diagnostics, India-
napolis, IN) as described previously (Camacho et al., 2004a,b, 2005;
Singh et al., 2008). In brief, thymocytes (1 X 10°) from various groups
of mice were cultured for 24 h in complete RPMI 1640 medium. The
next day, the cells were washed twice with PBS and analyzed by
TUNEL assay. Apoptotic cells were quantified as the average num-
ber of TUNEL-positive cells from at least 30 foci of each section.

Determination of Fas and FasL Expression in Fetal Thymic
Cells. Expression of Fas and FasL in fetal thymic cells was deter-
mined by performing RT-PCR. In brief, single-cell suspension of fetal
thymic cells after VEH or DES exposure was prepared as described
above. Expression of Fas and FasL was determined by RT-PCR as
described previously (Singh et al., 2007) and Western blotting. For
RT-PCR, total RNAs from the VEH- or DES-treated groups were
isolated by using the RNeasy Mini Kit and following the protocol of
the company (QIAGEN). First-strand ¢cDNA synthesis was per-
formed in a 20-pl reaction mix containing 2 p.g of total RNA using the
iScript Kit and following the protocol of the manufacturer (Bio-Rad
Laboratories). PCR was performed by using mouse FasL- or Fas-
specific sets of forward and reverse primers as described previously



(Singh et al., 2008). The PCR products generated from mouse Fas
and FasL primer pairs were normalized against PCR products gen-
erated from mouse 18S-specific forward 5'-GCCCGAGCCGCCTG-
GATAC-3" and reverse 5'-CCGGCGGGTCATGGGAATAAC-3' prim-
ers after electrophoresis on 1.5% agarose gel and visualization with
UV light. The band intensity of PCR products was determined by
using the Bio-Rad Laboratories image analysis system. Expression of
Fas and FasL in thymi was also confirmed by performing Western
blotting using anti-Fas primary polyclonal antibody (Ab-1; Calbio-
chem) and anti-FasL primary polyclonal antibody (AB16982; Milli-
pore Corporation).

Determination of Fas and FasL Expression in Unactivated
and Activated T Cells. Expression of Fas and FasL in unactivated
and activated T cells was analyzed by using flow cytometry and
RT-PCR. In brief, unactivated purified T cells or ConA (2 pg/ml
overnight)-activated T cells from C57BL/6 mice were cultured in the
presence of VEH or DES (10 pM), tamoxifen (TAM) (10 pM), or
TAM+DES (10 uM) for 8 h. We chose to use 10 puM DES or TAM
based on previously established studies (Lai et al., 2000), including
those from our laboratory (Brown et al., 2006a,b), where various
doses (1-20 pM) of DES were used. We found that 10 uM DES or
TAM was the optimal concentration for examining the molecular
mechanisms. Expression of Fas and FasL was determined by flow
cytometry or RT-PCR as described previously (Singh et al., 2007).
For flow cytometry, cells were stained with fluorescein isothiocya-
nate-labeled anti-mouse Fas and PE-labeled anti-mouse FasL anti-
bodies, and their expression was analyzed by flow cytometry (FC500;
Beckman Coulter, Fullerton, CA). For RT-PCR, total RNAs from
various treated groups were isolated by using the RNeasy Mini Kit
and following the protocol of the manufacturer (QIAGEN). First-
strand ¢cDNA synthesis and PCR was performed by using mouse
FasL- or Fas-specific sets of forward and reverse primers as de-
scribed previously (Singh et al., 2008). The PCR products, generated
from mouse Fas and FasL primer pairs, were normalized against
PCR products generated from mouse 18S after electrophoresis on
1.5% agarose gel and visualization with UV light. The band intensity
of PCR products was determined by using the Bio-Rad Laboratories
image analysis system.

Generation of the Mouse Fas and FasL Promoter Reporter
Constructs. The mouse Fas or FasL promoter was cloned in pGL3
vector and was described previously (Singh et al., 2007). To elucidate
the role of various cis-regulatory motifs present in the Fas or FasL
promoter involved in the regulation of Fas or FasL expression, pGL3-
Fas-Luc or pGL3-FasL-Luc reporter constructs were used.

Transfection of EL4 Cells and Luciferase Assays. Freshly
cultured EL4 cells (5 X 10%) were transfected with 5 to 10 pg of the
indicated reporter plasmid and 1 pg of the pCMV-B-galactosidase
control vector by using an Amaxa Nucleoector instrument and kits
from Lonza Cologne GMBH following the protocol of the company.
Two days after transfection, EL4 cells were replated in triplicate in
96-well plates, and the cells were treated with VEH or various doses
of DES (1, 5, 10, and 20 uM/ml) and incubated for 24 h at 37°C, 5%
CO,. After incubation, cells were harvested, washed with PBS, and
centrifuged, and extracts were prepared by lysing cells in 70 pl of
reporter lysis buffer (Promega). Luciferase activity was determined
by mixing 20 pl of extract with 100 pl of luciferase substrate (Pro-
mega) and immediately reading the sample in Victor? (PerkinElmer
Life and Analytical Sciences, Waltham, MA). Likewise, B-galactosi-
dase activity was determined by mixing 20 ul of extract with galac-
tolyte B-galactosidase substrate (Tropix, Bedford, MA), incubating it
for 1 h at 25°C, adding 300 pl of galactolyte accelerator (Tropix), and
reading the sample with Victor?. Under similar conditions, TAM (10
pM/ml), an antagonist for DES, was used in the culture at least 1 h
before DES treatment, and luciferase and B-galactosidase assays
were performed. Luciferase activity was normalized by dividing the
mean luciferase RLU by the mean B-galactosidase RLU, and the
normalized luciferase RLU from the stimulated samples were di-
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vided by the normalized RLU of the untreated sample, and values
were expressed as normalized-fold induction.

Identification of Transcription Factor Binding Motifs in
Fas and FasL Promoters. Each promoter possesses several tran-
scription binding motifs with which transcription factors bind to
regulate gene expression. To identify various transcription factors
binding motifs present in the Fas and FasL promoters, we analyzed
the Fas or FasL promoters by using Matinspector 8.0 software from
Genomatrix (Munich, Germany), This software helps identify vari-
ous transcription factor binding sites present in a promoter.

Generation of Transcription Factor Binding Site-Specific
Probes for Fas and FasL Promoters. Probes for various tran-
scription factors binding sites present in Fas or FasL promoters were
generated. At the 5’ end, the probes were biotinylated. Probes and
complementary strand were synthesized by Integrated DNA Tech-
nologies, Inc. (Coralville, IA). The sequence of various probes con-
taining transcription factors binding sites present in Fas or FasL
promoters were as follows. Underlining in the probes shows nucleo-
tides for the respective motifs in the probes.

Probes for the Fas promoter were: ERE, 5'-CTCCCCCACTT-
GATCTTCCCATCATACTACC-3’, 3'-GAGGGGGTGAACTAG-
AAGGGTAGTATGATGG-5'; NF-kB1, 5'-ATTGTTTGGGGACTC-
CCATGCAAC-3’, 3'-TAACAAACCCCTGAGGGTACGTTG-5'; NF-
kB2, 5'-GAAGCCAGGGACATTCCCCTCATCAGGA-3', 3'-
CTTCGGTCCCTGTAAGGGGAGTAGTCCT-5"; NF-kB3, 5'-
GCTCTGTGGAGGGACCTCCCTCATCAGAAT-3', 3'-CGAGA-
CACCTCCCTGGAGGGAGTAGTCTTA-5'; NF-kB4, 5'-CGC-
CCAGGATGGGGAATGCCCATTTATGCAAT-3’, 3'-GCGGGTC-
CTACCCCTTACGGGTAAATACGTTA-5'; NF-«kB5, 5'-GTGAGT-
CAGTGGGTTTCCCCGGGAGACCAGCA-3', 3'-CACTCAGTC-
ACCCAAAGGGGCCCTCTGGTCGT-5'; NF-AT1, 5'-CCCCATC-
CAGGAAAGGAAAACTTCAT-3’, 3'-GGGGTAGGTCCTTTC-
CTTTTGAAGTA-5"; NF-AT2, 5'-ACTCTGCTAGGTTTCCATAC-
CTCTCAAATG-3', 3'-TGAGACGATCCAAAGGTATGGAGAGT-
TTAC-5'; AP-1.1, 5'-CTGTGTTATTTGTCATAGTCATTTACCT-
TATTC-3’, 3'-GACACAATAAACAGTATCAGTAAATGGAATAAG-
5'; AP-1.2, 5'-GCAGACCTGTCACTGACAAAATATTGAAAGT-3',
3'-CGTCTGGACAGTGACTGTTTTATAACTTTCA-5'; AP-1.3, 5'-
GACCTGAGGGTGTGACTGTGGAAGCGCCCA-3', 3'-CTG-
GACTCCCACACTGACACCTTCGCGGGT-5'; and DRE and SP1,
5-GGTTTGTGCGTGCCAGGGGGCGGGCCTAGG-3’, 3'-CCAAA-
CACGCACGGTCCCCCGCCCGGATCC-5'.

Probes for the FasL promoter were: ERE, 5'-TTTTCATCTGGT-
GACCAGAAGAGAGATTGC-3', 3'-AAAAGTAGACCACTGG-
TCTTCTCTCTAACG-5'; NF-kB1, 5'-CTCCTTGGTCTTTTC-
CCCATGCCTCAGCA-3’, 3'-GAGGAACCAGAAAAGGGGTACG-
GAGTCGT-5'; NF-«kB2, 5'-ACAGGAGAAAGGTGTTTCCCTT-
GACTGC-3’, 3'-TGTCCTCTTTCCACAAAGGGAACTGACG-5;
SP1 and NF-AT1, 5'-TCAGAAATTTCTGGGCGGAAACTTC-
CTGGGG-3', 3'-AGTCTTTAAAGACCCGCCTTTGAAGGACCCC-
5'; NF-AT2, 5'-CCTTGACTGCGGAAACCTTATAAAACT-3', 3'-
GGAACTGACGCCTTTGGAATATTTTGA-5'; and NF-AT3, 5'-
AAGGCTGTGAAGAGGAAACCCTTTCCTGG-3’, 3'-TTCCGA-
CACTTCTCCTTTGGGAAAGGACC-5'.

Identification of Transcription Factors after DES Treat-
ment of T Cells. After identification of various transcription factor
binding sites present in the Fas and FasL promoters, we sought to
identify transcription factors involved in the DES-mediated regula-
tion of Fas and FasL genes, To this end, we performed in vitro and
chemiluminescent assays to identify various transcription factors
involved in the DES-mediated regulation of Fas and FasL expression
in T cells. In brief, we first prepared nuclear extracts (NEs) from T
cells treated with VEH or DES (10 pM/ml) for 6 h by using the
TranFactor extraction kit from Clontech Laboratory, Inc. following
the protocol of the company. Next, we performed chemiluminescent
assays using the TranFactor Universal Chemiluminescent kit from
Clontech Laboratory, Inc. following the protocol of the company. The
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binding of transcription factors with various Fas or FasL probes were
identified by Victor? (PerkinElmer Life and Analytical Sciences).

Electrophoretic Mobility-Shift Assay. The EMSAs were per-
formed using oligonucleotide probes corresponding to ERE and
NF-«B motifs of the Fas or FasL. promoters and nuclear proteins
prepared from T cells treated with VEH or DES.

Preparation of Nuclear Extracts. To prepare nuclear extract for
EMSAEs, purified T cells from C57BL/6 mice were treated with DES (10
pwM/ml) and cultured for 6 h at 37°C, 5% CO,. After DES or VEH
treatments, nuclear extracts from various treated groups were isolated
as described previously (Singh et al., 2007). The protein concentration
was determined by using the bicinchoninic acid protein determination
kit from Thermo Fisher Scientific (Waltham, MA), using albumin as a
protein standard. The supernatant containing nuclear extract was
snap-frozen in liquid nitrogen and stored at —80°C.

Generation of Oligonucleotide Probes. To perform EMSAs,
hairpin oligonucleotide probes corresponding to ERE and NF-«xB
motifs of mouse Fas or FasL promoters were synthesized at Inte-
grated DNA Technologies. The sequences of various ligonucleotide
probes for Fas or FasL promoter are as follows. Underlining in the
probes shows nucleotides for the respective motifs in the probes.

Mouse Fas promoters were: hairpin loop probe for Fas ERE
motif, GAGAAAACTTGATCTTCCCATTTTAGCTAAAATG-
GGAAGTCAAGTTTTCT; hairpin loop probe for Fas ERE mutant
motif, GAGAAAACCCTATAGGACAATTTTAGCTATGGAAAATT-
GTCCTATAGGGTTTTCT; hairpin loop probe for FAS NF-«B1 motif,
GAGAAAAGGGGACTCCCTTTAGCTAAAAGGGAGTCCCCTTTTCT;
and hairpin loop probe for FAS NF-xB2 motif, GAGAAAAGGGACATTC-
CCCTTTAGCTAAGGGGAATGTCCCTTTTCT.

Mouse FasL promoters were: hairpin loop probe for ERE motif,
GAGAAAATGGTGACCAGTTTAGCTTAAACTGGTCACCAT-
TTTCT; hairpin loop probe for ERE mutant motif, GAGAAAATG-
GCTGTTAGTTTAGCTTAAAACTAACAGCCATTTTCT; hairpin
loop probe for NF-kB1l motif, GAGATGGTCTTTTCCCCAATT-
AGCTTTTGGGGAAAAGACCATCT; hairpin loop probe for NF-
kB1 mutant motif, GAGATGGTCTTTTAAACAATTAGCTTTT-
GTTTAAAAGACCATCT; hairpin loop probe for NF-kB2 motif,
GAGAAAAGGTGTTTCCCTTTTAGCTTAAGGGAAACACCT-
TTTCT; and hairpin loop probe for NF-kB2 mutant motif,
GAGAAAAGGTGTTTAAATTTTAGCTTAATTTAAACACCTTTTCT.

The hairpin oligonucleotide probes were 5-end-labeled by mixing 1
pmol of hairpin oligonucleotide with 10 pCi of [y->2P]JATP (MP Bio-
medicals, Aurora, OH), and eight units of T4 polynucleotide kinase
(PNK) (New England Biolabs, Ipswich, MA) in 1X PNK buffer and
incubating them for 1 h at 37°C. After incubation, the end-labeled
hairpin oligonucleotides were purified from free ATP by passing over
a NICK column (GE Healthcare). One to 5 pg of nuclear protein was
mixed with 1 pl of radiolabeled oligonucleotide (40,000 cpm) in a
reaction mix containing 1 pl of binding buffer [10 mM Tris, 1 mM
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Fig. 1. Effect of DES on thymic cellularity of pregnant mice (A) and
fetuses (B). Pregnant mice (GD 14) were injected intraperitoneally with
VEH (control) or DES (5 ng/kg body weight). On days 2 (GD 16) and 4 (GD
18) after DES or VEH treatment the thymi from mothers and their
fetuses were harvested to determine thymic cellularity. Data from groups
of five mice are depicted as mean *= S.E.M. Vertical bars represent
mean + S.E.M. *, statistically significant (p < 0.05) differences between
the indicated groups.

EDTA, 1 mM dithiothreitol, 100 mM KCl, 10% (v/v) glycerol] and 1
pg of poly(dI-dC) (GE Healthcare) as a nonspecific inhibitor in a final
volume of 25 pl and incubated for 30 min at 25°C. The samples were
resolved on a 6% polyacrylamide gel in Tris borate EDTA that had
been prerun for 30 min. The gels were dried and exposed to X-ray
film. For the specific and nonspecific competition analyses, equimo-
lar amounts of the cold hairpin oligonucleotide competitors were
added to the binding reaction before the addition of the labeled
oligonucleotide probes.

Statistical Analysis. Data presented for luciferase expression
were derived from at least three independent experiments and are
depicted as mean = S.E.M. Results for RT-PCR represent at least
three animals for each treatment and are expressed as the mean *+
S.E.M. Statistical analyses were performed by using Student’s ¢ test
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Fig. 2. DES triggers apoptosis in the thymocytes of pregnant mothers

and fetuses. The thymocytes from mothers and fetuses on day 4 (GD 18)

after DES treatment were analyzed for apoptosis by using TUNEL assay.

A, a representative histogram of three independent experiments, B, data

from groups of five mice (mean *+ S.E.M.). *, statistically significant (p <

0.05) difference in apoptosis between DES- and VEH-treated groups.
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Fig. 3. Expression of Fas and FasL in fetal thymic cells after prenatal
exposure to DES. A and B, expression of Fas and FasL in fetal thymic
cells was determined by RT-PCR 24 h after DES or VEH treatments.
Data in A are representative of three independent assays and are plotted
in B as mean *= S.E.M. #, statistically significant (p < 0.05) difference in
the expression of Fas and FasL between VEH- and DES-treated thymic
cells. C and D, expression of Fas and FasL in fetal thymic cells was
determined by Western blot. Data in C are representative of three inde-
pendent experiments and are plotted in D as mean + S.E.M. *, statisti-
cally significant (p < 0.05) difference in the expression of Fas and FasL
between VEH- and DES-treated thymic cells.
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or two-factor analysis of variance as appropriate, with a p value of
=0.05 considered to be statistically significant.

Results

DES Induces Alterations in Thymic Cellularity in
Pregnant mice and Their Fetuses. In the current study,
we determined DES-induced changes in thymic cellularity in
pregnant mothers and their fetuses. To this end, a single dose
of DES (5 pg/kg) was administered (intraperitoneally) into
pregnant C57BL/6 mice on GD 14. On days 2 (GD 16) and 4
(GD 18) after DES treatment, thymic cellularity of both
mothers and fetuses was determined. We had shown previ-
ously that pregnant mice exhibit a dramatic decrease in
thymic cellularity compared with nonpregnant mice, and ex-
posure to environmental contaminants, such as TCDD, fur-
ther decreases their numbers (Camacho et al., 2004a). We
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noted that, unlike nonpregnant mice that showed ~250 mil-
lion thymocytes/mouse (Camacho et al., 2004a), pregnant
mice on GD 16 had fewer than ~11 million cells/mouse. This
cellularity was further decreased after treatment with DES
(Fig. 1A). When we pursued similar studies in the fetus, DES
was found to alter thymic cellularity in the fetus on GD 18
but not on GD 16 (Fig. 1B). These data demonstrated that
exposure to DES during pregnancy decreases thymic cellu-
larity in both the mothers and fetuses.

Detection of DES-Induced Apoptosis in Thymocytes
of Pregnant Mice and Their Fetuses. Thymi from VEH-
or DES-exposed pregnant mice and fetuses were evaluated
for apoptosis as described previously (Brown et al., 2006a,b;
Singh et al., 2011). The results from a representative exper-
iment are shown in Fig. 2A, and data from multiple experi-
ments are plotted in Fig. 2B. The thymocytes from DES-

A VEH TAM DES TAWHDES B 4q0
9 A 286% .26.4% 57.5%  )-16.2% =] 93
E MFI:36 MFI:31 FI:85 MFI:29 D
7]
i Unactivated T cells §
35.7% | 44.1% 6.9% 496% o <307 =
MF1:77 MF1:89 : MFI:50 I.E 1
P 'Ac'tiv'at'ed T'ce'“s' - " Unactivated Activated
>FAS T cells T cells ) _ :
Fig. 4. Expression of Fas and FasL in
T cells in the presence of DES. Unac-
C' VEH TAM , DES TANHDES D 60 VEH tivated or ConA-activated T cells were
(22 . s g’ 50+ u 'Blﬁg FASL cultured in the presence of VEH
ERse .12  R238% = m PE2, oo (DMSO) or DES (10 pM) for 24 h.
i MFI1:26 MFI:17 MFI1:63 b3 340' ¥ Expression of Fas and FasL in unac-
= e 5’.;30. | tivated and activated T cells was de-
TR RCRPTT T T Qg termined by flow cytometry (A-D) or
; , Unactwat:ed Tcells s 3 3 207 RT-PCR (E) 24 h after DES treat-
. 25.3% .16.7% 6.3% . 24.6% - 10+ ments. Data in A and C are represen-
MF1:44 MFI:28 MFI:79 M"Ll' 43 % o= tative of three independent assays
) . . [T - - and are plotted in B and D, respec-
—_— ] . Unactivated Activated tively as mean = S.E.M. *, statisti-

Activated T cellg, Fag —
Unactivated T cells
%

TAM DES DES VEH

VEH = DES
o TAM

*E TAM+ DES

Fas V

*

P e )

Activated T cells

TAM DES DES

=VEH m DES
m TAM = TAM+DES

T cells T cells

cally significant (p < 0.05) difference
in the expression of Fas and FasL be-
tween VEH- and DES-treated groups.
Data in E represent semiquantitative
RT-PCR and are mean * S.E.M. of
three independent experiments.. Ex-
pressions of Fas and FasL are pre-
sented as percentage of 18S expres-
sion in the y-axis, and expression of
18S was considered to be 100% for
each experiment. Fas and FasL ex-
pression was noted to be significantly
(p < 0.05) increased. *, statistically
significant (p < 0.05) difference in the
expression of Fas and FasL between
VEH- and DES-treated groups. TAM,
an antagonist of ER, was also tested.

FasL

= NLD BN ST OXERE =N
[—= =l =T =T e =l L

Unactivated  Activated
T cells T cells

= NI ST XSS =ANIC
CoOoCCOoOCoooooooO

Relative expression (%)
Relative expression (%)

Unactivated  Activated
T cells T cells



356 Singh et al.

treated groups showed a significantly higher percentage of
apoptosis in both the mothers and fetuses GD18 (Fig. 2)
compared with the VEH-treated control groups.

DES Up-Regulates Fas and FasL Expression in Fetal
Thymic Cells. Next, we determined the expression of Fas
and FasL, key molecules involved in apoptosis, in fetal thy-
mic cells exposed to VEH or DES on GD 18 by performing
RT-PCR. Thymic cells from both groups showed low-level
expression of Fas and FasL in the presence of VEH (Fig. 3, A
and B). However, there was significant up-regulation of both
Fas and FasL expression in mice prenatally exposed to DES
(Fig. 3, A and B). Data obtained from Western blot analysis
confirmed up-regulation of both Fas and FasL expression in
fetal thymic cells after DES exposure (Fig. 3, C and D). These
data demonstrated that DES induces expression of both Fas
and FasL in fetal thymic cells.

DES Up-Regulates Fas and FasL Expression in T
Cells via the ER. Next, we investigated whether the up-
regulation of Fas and FasL by DES was mediated through
the activation of the ER. To this end, unactivated or ConA-
activated T cells from normal C57BL/6 mice were cultured in
the presence of VEH (DMSO) or DES (10 pM/ml) in the
presence of TAM (10 wM/ml) or VEH. T cells were either
analyzed by flow cytometry or RT-PCR after treatments as
described previously (Singh et al., 2007). More than 25% of all
unactivated T cells and more than 35% of activated T cells
expressed Fas (Fig. 4, A and B) in the presence of VEH, whereas
both unactivated and activated T cells upon treatment with
DES expressed significantly higher levels of Fas as indicated by
increases in mean fluorescent intensity and Fas-expressing
cells (Fig. 4, A and B). These data demonstrated that DES
up-regulates Fas expression in both unactivated and activated
T cells. In the presence of TAM (an antagonist of ER), DES
failed to increase the expression of Fas in both unactivated and
activated T cells, demonstrating that DES regulates Fas ex-
pression via the ER (Fig. 4, A and B). Furthermore, unactivated
or activated T cells upon treatment with TAM alone did not
show significant change in the expression of Fas compared with
VEH-treated T cells (Fig. 4, A and B). Similar to Fas expression,
DES significantly increased the percentage of FasL-expressing
cells in both unactivated and activated T-cell cultures (Fig. 4, C
and D). DES in the presence of TAM did not affect FasL expres-
sion, demonstrating that TAM blocked DES-ER-induced up-
regulation of FasL expression. The presence of TAM alone did
not effect FasL expression in both unactivated and activated T
cells (Fig. 4, C and D). RT-PCR data further corroborated the
results generated by flow cytometry and confirmed that DES
caused up-regulation of both Fas and FasL in unactivated and
activated T cells (Fig. 4E).

DES Regulates Fas and FasL Expression Through
Their Promoters. To determine DES-mediated regulation
of Fas and FasL expression through their promoters, EL4 T
cells were transfected with constructs containing the full-
length upstream region of Fas (pGL3-Fas-Luc) or FasL
(pGL3-FasL-Luc) promoter. Two days post-transfection, the
transiently expressing EL4 cells were treated with various
doses of DES (1-20 uM) or VEH (DMSO). Luciferase assays
were performed 24 h after DES or VEH treatment. We ob-
served a DES-mediated increase in the expression of lu-
ciferase when Fas or FasL promoter was used for transfec-
tion and the cells were treated with DES for at least 24 h
(Fig. 5A). The effect of DES on luciferase expression was very
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Fig. 5. DES regulates Fas and FasL promoter activity. EL4 cells (A) or T
cells (B) were transfected with luciferase reporter constructs containing
full-length Fas promoter (pGL-3-Fas) or FasL (pGL-3-Fas) or pGL-3
control and pcDNAS3.1 containing pCMV-3-galactosidase gene. Two days
post-transfection, the transiently expressing EL4 or T cells were treated
with various doses of DES (1, 5, 10, and 20 n.M/ml) or DMSO (VEH). The
luciferase activity was normalized to B-galactosidase activity and ex-
pressed as normalized fold induction. The vertical bars represent mean *
S.E.M. from three independent experiments. *, statistically significant
(p < 0.05) difference in luciferase expression between VEH and DES-
treated groups.

minimal at lower doses (1 pM; Fig. 5A). At 5 uM the effect of
DES was moderately altered. However, we observed a highly
significant increase (2-3 = 0.5-fold) in luciferase expression
when 20 pM DES was used (Fig. 5A). We observed minimal
levels of luciferase expression when EL4 cells were trans-
fected with Fas or FasL promoter and treated with VEH as
well as in pGL-3 controls (Fig. 5A). The observed up-regula-
tion of luciferase expression was Fas or FasL promoter-spe-
cific and DES-induced, because the luciferase expression was
significantly higher (p < 0.05) in cells transfected with Fas or
FasL promoter compared with untreated or VEH-treated
cells (Fig. 5A). Similar results were obtained in T cells trans-
fected with Fas (pGL3-Fas-Luc) or FasL (pGL3-FasL-Luc)
promoter in the presence of DES (Fig. 5B). The data obtained
demonstrated that DES-induced up-regulation of luciferase
expression was through the Fas or FasL promoter.
Identification of Various Transcription Factor Bind-
ing Motifs in Mouse Fas and FasL Promoters. To under-
stand DES-induced regulation of Fas and FasL expression,
we first identified various transcription factor binding motifs
in Fas and FasL promoters by using Matinspector 8.0 soft-
ware from Genomatrix as described under Materials and
Methods. We identified the following transcription factor
binding motifs in mouse Fas promoter: one ERE, five NF-«xB
(NF-kB1, NF-kB2, NF-«kB3, NF-kB4, and NF-«B5), three
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1272 TGTTGGCATGTAGGGATGAAGGCTCTATGTAGGCACTTTCTTCTTGCTCTCAAC
TTCTCTATATTCAATGAGTTGTGTGGGTCTCAGTTTGTGGGGAGCATCTATAGTCTTGGC
AACAGGCTGCATTGTTTGGGGACTCCCATGCAACCTTTTTGGCCAACGATTCAATTAGAT
GCAACCCCATCCAGGAAAGGAAAACTTCATTTGATGACAAGAGATGTTCACTTGTGGCT
CTGTCTCCCCCCATTATTTGGCTATAGATCACCTTCATGTATGCTTATACTTTAGGAAGAC
TCTGCTAGGTTTCCATACCTCTCAAATGCCCTTTAATTTTAGCTGTCTCTCCCTGTATTC
CCATTCATCGTCTTCCTTTCCCCTCCCCCACTIGATCTTICCCATCATAACTACCTATTIT
ATTCCTCTTCCTTAATAAGATCTTTCTGTCCCCTCCCCTAGTCCCTTACTCTATATCTAA
CCCCCGTGGTTCTAAAGATTCTGGCTTGGTCCCTGAGTTAACTGCTGTGTTATTTGTCAT
AGTCATTTACCTTATTCTCCATTTGGGAAACGAAGCCAGGGACATTCCCCTCATCAGGAT
CCCAAAGCCTATTATCTCTACCTCTGCTGTGGTGATTGTCACTTCATGTATCATATATGA
GCTCTGTGGAGGGACCTCCCTCATCAGAATCCTAGGGTGTGTACCTCCTCTGTGGTAATT
ACCATTCAGAGGCCCCAGAAGCCCCAGCAGACCTGTCACTGACAAAATATTGAAAGTGA
AGGCAAAATGGTCTTTGTCTCCACAATCAGCCAAAGTCCAATTCAATACAGAGTTCAGAA
TTCCTTCCAGGGTGAGCAGCAGGCAGAAAAAAAAATCTCACTTGACCTGAGGGTGTGAC
TGTGGAAGCGCCCAGGATGGGGAATGCCCATTTATGCAATCAAGCCCTGCTTGGCCCCC
TCCTCCCCCGCCCCCCACCCCCACCCCGCTCAGGCCGCCTGTGCAGTGGTGAGTCAGTG
GGTTTCCCCGGGAGACCAGCAGAACTTTCTCGCACCCTTGGGGCTTTACGAAGATTGTG
TTTGGTCCCTCAAAAGAAAAAAAGTGACATACACGTGTTCAAAGCGATTTCTGGGAAGA
CCTGAATAGGAGCGAAGCGGTTTGTGCGTGCCAGGGGGCGGGCCTAGGCAAAGTACAT
ACCCACAGGCAGTCTAGAGCTGGTGGGTGGGGCCGCAGGCTGCCCACACAGGCCGCCC
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GCTGTTTTCCCTTGCTGCAGACATG
Red: ERE,

Black: NF-kB1 to NF-kBS,

Violet: AP1,
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Orange: DRE,

Green: NF-AT

B Identification of various regulatory elements in FasL promoter

Fig. 6. The cis-regulatory motifs present in Fas and FasL
promoter. A, sequence of Fas promoter and various regula-
tory motifs present in the promoter. B, sequence of FasL
promoter and various cis-regulatory motifs.

-786GTACCTCAGTTTTCATCTGGTGACCaGAAGAGAGATTGCAAAGTTAAATGATTACA
GAGGAGGAAGCTACATTTCCCAGGGGAAGTGGGATGGATAGGGGGCAGGCACAGTG
GGGGGTTAGGGCAGCCTTGAACACCTGGCACACATTCCTGGTTGCAGCTGGCTGATGT
TCAGGGAAGGGACTTCAACAGAGGATTCAACTCCCTATGCTCAGATGTGGAGATATCT
TCTCCAGCCGAACTCCTTGGTCTTTTCCCCATGCCTCAGCACCAACAGGCCTCTCAGG
ACACACCCCAGAGCTGCGGAAGAGCTAATGTCCTCAAGGGGTATCCAGCGCTGACTT
GCTGAGTTGGACTCAGGCAGGCAAGCCTGGTTTACCAGCCTTCTCAGTTAGCACAGAG
ACGCCAATTGGAACTTCGAAGACTTGTCGTCAGAAATTTCTGGGCGGAAACTTCCTGG
GGTTGCTGTGAGCTTTTTGAGGCTTCTCAGCTTCAGATGCAAGTGAGTGGGTGTCTCAC
TGAGAAGCAAAGAGAAGAGAACAGGAGAAAGGTGTTTCCCTTGACTGCGGAAACCTT

ATAAAGAAAACTTAGCTTCTCTGGAGCAGTCAGCGTCAGAGTTCTGTCCTTGACACCT
GAGTCTCCTCCACAAGGCTGTGAAGAGGAAACCCTTTCCTGGGGCTGGGTGCCATG

Red: ERE

Black: NF-kB1 and NF-kB2
Blue: SP1

Green: NF-AT

AP-1 (AP-1.1, AP-1.2, and AP-1.3), one SP1, one DRE, and
two NF-AT motifs (Fig. 6A). Likewise, we identified the fol-
lowing transcription factor binding motifs in mouse FasL
promoter: one ERE, two NF-«B (NF-kB1 and NF-kB2), one
SP1, and three NF-AT motifs (Fig. 6B).

DES-Induced Transcription Factor Bind with Vari-
ous cis-Regulatory Motifs Present in Mouse Fas or
FasL Promoters. Next, we performed in vitro studies to
examine DES-induced transcription factors and their bind-
ing affinity with various cis-regulatory motifs present in the
Fas or FasL promoters. As described under Materials and
Methods, nuclear extracts prepared from T cells treated with
VEH or DES (10 uM/ml) were incubated together with vari-
ous double-stranded probes (cis-regulatory motifs) of the Fas
or FasL promoters as suggested by Clontech Laboratory, Inc..
The binding affinity was determined by performing chemilu-
minescent assays (Clontech Laboratory, Inc.) and analyzed
by Victor? (PerkinElmer Life and Analytical Sciences). We
observed significantly higher binding of ERE probes of both
Fas and FasL with nuclear extracts isolated from DES-
treated T cells compared with VEH-treated nuclear extracts
(Fig. 7A). We did not observe a significant difference in the
binding of the DRE probe with either of the nuclear extracts

(Fig. 7A). These results demonstrated that DES may regulate
Fas or FasL expression through ERE but not through DRE. In
addition, we did not observe any DRE binding motif in the FasLi
promoter (Fig. 6B). Various NF-kB probes of Fas and FasL
showed different binding affinity with nuclear extracts from
DES- or VEH-treated T cells. NF-kB2 and NF-«xB3 probes of the
Fas promoter showed strong binding affinity, whereas NF-«kB1,
NF-kB4, and NF-kB5 showed no or low binding affinity with
nuclear extracts isolated from DES-treated T cells compared
with VEH-treated T cells (Fig. 7B). Likewise, the NF-«B2 probe
of FasL showed significant binding affinity, whereas the NF-
kB1 probe of FasL. showed low or no binding affinity with
DES-treated nuclear extracts compared with VEH-treated nu-
clear extracts (Fig. 7B). The NF-AT2 probe of Fas and NF-AT1
and NF-AT2 probes of FasL showed significant binding affinity
with DES-treated nuclear extract compared with VEH-treated
nuclear extract (Fig. 7C). We did not observe significant binding
differences in the NF-AT1 probe with DES- or VEH-treated
nuclear extracts (Fig. 7C). Of the three AP-1 probes of Fas
promoter, two (AP-1.1 and AP-1.2) showed moderate binding
affinity with DES-treated nuclear extract compared with VEH-
treated nuclear extract (Fig. 7C). The results obtained from
these studies demonstrated that various motifs of Fas or FasL
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Fig. 7. Identification of binding affinity of cis-regulatory motifs present
on the Fas and FasL promoters with DES-generated transcription factors
in T cells. A, binding affinity of ERE and DRE motifs of the Fas promoter
and ERE motif of the FasL promoter with transcription factors generated
by DES or VEH in T cells. The ERE motif of both Fas and FasL promoters
showed significantly higher binding affinity with transcription factors
harvested from DES-treated T cells compared with transcription factors
from VEH-treated T cells. The DRE motif of the Fas promoter showed low
and insignificant binding affinity with transcription factors from DES-
treated T cells compared with VEH-treated T cells. B, binding affinity of
five NF-kB (NF-kB1, NF-kB2, NF-kB3, NF-kB4, and NF-kB5) motifs of
the Fas promoter and two NF-xB (NF-kB1 and NF-«B2) motifs of the
FasL promoter with transcription factors from DES- or VEH-treated T
cells. The NF-kB2 and NF-kB3 motifs of the Fas promoter showed sig-
nificantly higher binding affinity with transcription generated from DES-
treated T cells compared with VEH-treated T cells. The NF-«B1, NF-«kB4,
and NF-«B5 motifs of the Fas promoter showed very low and insignificant
binding affinity with transcription factors from either DES- or VEH-
treated T cells. The NF-kB2 motif of the FasL promoter showed moderate,
but significant, binding affinity with transcription factors from DES-
treated T cells compared with VEH-treated T cells. The NF-«kB1 motif of
the FasL promoter showed very low and insignificant binding affinity
with transcription factors from both DES- and VEH-treated T cells. C,
binding affinity of NF-AT (NF-AT1 and NF-AT2 motifs of the Fas pro-
moter and NF-AT1, NF-AT2, and NF-AT3 motifs of the FasL promoter)
and AP-1 (AP-1.1, AP-1.2, and AP-1.3) motifs of the Fas promoter. NF-
AT2 of the Fas promoter and all three NF-AT motifs of the FasL promoter
showed significantly higher binding affinity with transcription factors
from DES-treated T cells compared with VEH-treated T cells. Likewise,
the AP-1.1 and AP-1.2 motifs of the Fas promoter showed significant
binding affinity with transcription factors from DES-treated T cells com-
pared with VEH-treated T cells. The vertical bars represent mean *
S.E.M. from three independent experiments. *, significant (p < 0.05)
difference in binding affinity of various motifs of Fas or FasL promoters
with transcription factors from DES- and VEH-treated T cells.

promoter showed variable binding affinity with nuclear extract
isolated from DES-treated T cells, demonstrating their role in
the DES-mediated regulation of Fas or FasL expression.

DES-Induced Transcription Factors Bind with ERE
and NF-kB cis-Regulatory Motifs Present in Fas or
FasL. Promoter. To further confirm the participation of
various cis-regulatory motifs present in Fas or FasL promot-
ers, we selected ERE, NF-kB1, and NF-«kB2 motifs to verify
their participation in DES-mediated regulation of Fas and
FasL expression. The selection of ERE and NF-«B (NF-kB1
and NF-kB2) motifs of Fas and FasL. was based on their
binding affinity with DES-induced transcription factors (Fig.
7, A and B) that we obtained after chemiluminescent assays.
ERE and NF-«B2 motifs of both Fas and FasL. demonstrated
high binding affinity, whereas NF-kB1 showed no or very low
binding affinity with DES-induced transcription factors (Fig.
7, A and B). We performed EMSAs using radiolabeled single-
strand loop ERE, NF-kB1, and NF-«kB2 probes of Fas or FasLi
incubated together with NEs from vehicle- or DES-treated T
cells. We observed shifts in the mobility of Fas and FasL. ERE
probes in the presence of nuclear extracts from T cells treated
with DES (Fig. 8A, left for Fas ERE and right for FasL. ERE).
We also observed a shift in NF-kB2 probes of both Fas (Fig.
8B, left) and FasL (Fig. 8B, right) in the presence of NE from
DES-treated T cells. No mobility shift of Fas and FasL. ERE
and NF-«kB2 probes was observed when they were incubated
without nuclear extract or incubated with VEH-treated nu-
clear extracts (Fig. 8, A and B). Furthermore, mobility shift of
Fas and FasL. ERE and NF-kB2 probes in the presence of
nuclear extract was reversed when cold (unlabeled DNA)
ERE or NF-«kB2 probes were added in the reaction mixture
(Fig. 8, A and B). In addition, when mutant ERE or NF-«kB2
probes were used, there was no shift in probes (Fig. 8, A and
B). However, when NF-«B1 probes of Fas or FasL were used,
there was no mobility shift (Fig. 8C). The data obtained from
these studies confirmed that DES induced transcription fac-
tors bound with ERE and NF-«B2 motifs of Fas and FasL
promoters, demonstrating their role in DES-mediated regu-
lation of Fas or FasL expression.

Discussion

Exposure to DES has been shown to increase the risk for
breast cancer in DES mothers and a life time risk of cervico-
vaginal cancers in DES daughters (Giusti et al., 1995). It has
also been linked to a wide range of abnormalities, including
immune system disorders such as increased incidence of au-
toimmunity, cancer, and certain infections in DES offspring
(son or daughter) (Giusti et al., 1995). Such studies support
the fetal basis of adult disease, which states that exposure of
fetus to nutritional, environmental, and other forms of stress
can affect the health at later stages of life (Barker et al.,
2002; Phillips, 2006). Previous studies from our laboratory
have shown DES induces thymic atrophy and decreased thy-
mic cellularity in mice (Brown et al., 2006a,b). Frawley et al.
(2011) have recently reported gene expression alterations in
immune system pathways in the thymus after exposure to
immunosuppressive chemicals. In this study, we investigated
DES-mediated thymic atrophy in neonatal mice and the reg-
ulation of Fas and FasL expression and examined the mech-
anisms of transcriptional regulation of Fas and FasL genes.
To this end, we first examined the effects of DES in the thymi
of mother and neonatal mice by performing in vivo experi-
ments. Next, we determined the expression of Fas and FasL
in fetal thymic cells and T cells in the presence or absence of
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Fig. 8. EMSA analysis of ERE, NF-kB1, and NF-kB2 motifs of Fas and
FasL promoters. A, single-strand hairpin loop probes containing the ERE
motif of mouse Fas and FasL promoters were generated. Nuclear extract
was generated from DES-treated T cells, and 4-5 pg of nuclear extract
was used in each reaction. Radiolabeled (P*?) ERE probes were either
directly used or used after incubation with NE or NE containing cold
DNA (unlabeled, COMP) or NE containing mutant ERE probe. Left,
arrow 1 shows the Fas ERE probe DNA band, and arrows 2 and 3 show
ERE-NE complexes. The lanes are labeled as ERE (ERE probe without
NE), ERE+VEH NE (ERE probe + VEH-treated NE), ERE+DES NE
(ERE probe + DES-treated NE), COMP [ERE probe + DES NE + cold
(unlabeled) ERE probe for competition], and Mut ERE+DES NE (mutant
ERE probe + DES-treated NE). Right, similar lane labeling but mouse
FasL ERE probes have been used. B, single-strand hairpin loop probes
containing the NF-«kB2 motif of Fas and FasL promoters were generated.
Radiolabeled (P??) NF-kB2 probes were either directly used or used after
incubation with NE or NE containing cold DNA (unlabeled, COMP) or NE
containing mutant NF-«B2 probe. Left, arrow 1 shows Fas NF-«kB2 probe
DNA band, and arrows 2 and 3 show NF-kB2-NE complexes. The lanes
are labeled as NF-kB2 (NF-kB2 probe without NE), NF-kB2 +VEH NE
(NF-«kB2 probe + VEH-treated NE), NF-xkB2 +DES NE (NF-«kB2 probe +
DES-treated NE), COMP [NF-kB2 probe + DES NE + cold (unlabeled)
NF-«kB2 probe for competition], and Mut NF-kB2 +DES NE (mutant
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DES and investigated the role of Fas and FasL promoters in
DES-mediated regulation. We also examined the participa-
tion of cis-regulatory motifs in DES-mediated regulation of
Fas and FasL expression.

The results obtained from the current study showed that
DES induces thymic atrophy and significant changes in thy-
mic cellularity of both mothers (Fig. 1A) and fetuses (Fig.
1B). In addition, there was significant apoptosis in thymic
cells of both mother and fetuses after DES exposure com-
pared with VEH (Fig. 2). Upon analysis of Fas and FasL
expression in fetal thymic cells, there was a significant in-
crease in Fas and FasL expression exposed to DES compared
with fetal thymic cells exposed to VEH (Fig. 3, A and B).
Furthermore, expression of Fas and FasL in unactivated and
activated T cells in the presence of DES was significantly
up-regulated in comparison with VEH (Fig. 4). In addition,
DES regulated Fas or FasL expression via the ER because
there was complete blockade of Fas or FasL expression in the
presence of TAM, an antagonist of ER (Fig. 4). The data from
the present study demonstrate that DES adversely affects
fetal thymus by causing changes in thymic cellularity, up-
regulating Fas and FasL expression, and causing apoptosis
in thymic cells.

Previous studies from our laboratory have demonstrated
that DES altered T-cell differentiation in the thymus by
interfering with positive and negative selection processes,
which in turn modulated the T-cell repertoire in the periph-
ery (Brown et al., 2006a). In another study, Nair and Shaha
(2003) reported DES-induced apoptosis in spermatogenic
cells through the increased expression of Fas and FasL in
rats. They have also shown that DES-mediated apoptosis did
not occur in Fas-deficient [pr mice (Nair and Shaha, 2003).
Together, these studies suggest that exposure to DES during
development severely affects the thymi of neonatal mice and
may have a long-lasting impact on the immune functions,
leading to various health-associated problems and ailments.

The mechanisms through which DES up-regulates Fas and
FasL expression in immune cells is unclear. The current
study demonstrated that DES regulates Fas and FasL ex-
pression through their promoters as evidenced from the data
we generated using luciferase assays in the absence or pres-
ence of DES. There was increased luciferase expression in
both DES-treated EL4 cells and cells that were transfected
with constructs containing full-length Fas or FasL promoter
(Fig. 5). In an earlier study, we noted that aryl hydrocarbon
receptor activation by TCDD up-regulated of Fas and FasL
expression through promoters (Singh et al., 2007). Thus, it is
likely that ER activation by DES also causes similar effects and
regulates Fas and FasL expression through their promoters.

The regulation of a gene depends on cis-regulatory motifs

NF-«kB2 probe + DES-treated NE). Right, similar lane labeling but mouse
FasL NF-«kB2 probes have been used. C, single-strand hairpin loop probes
containing various NF-kB1 motifs of Fas and FasL promoters were gen-
erated. Radiolabeled (P*?) NF-kB1 probes were either directly used or
used after incubation with NE or NE containing cold DNA (unlabeled,
COMP) or NE containing mutant NF-«B1 probe. Left, arrow 1 shows Fas
NF-kB1 probe DNA band, and arrows 2 and 3 show NF-kB1-NE com-
plexes. The lanes are labeled as NF-kB1 (NF-kB1 probe without NE),
NF-kBl +VEH NE (NF-kB1 probe + VEH-treated NE), NF-kB1 +DES
NE (NF-«B1 probe + DES-treated NE), COMP [NF-kB1 probe + DES NE +
cold (unlabeled) NF-kB1 probe for competition], and Mut NF-kB1 + DES NE
(mutant NF-kB1 probe + DES-treated NE). Right, similar lane labeling but
mouse FasL. NF-«B1 probes have been used.
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present in its promoter. The number of cis-regulatory motifs
present in a promoter varies from gene to gene. In addition,
the participation of a cis-regulatory motif depends on the
transcription factors generated by various mechanisms. To
understand DES-mediated regulation of Fas and FasL ex-
pression, we performed sets of experiments to determine the
role of their promoters and the cis-regulatory motifs present
in the promoters. To this end, we first identified various
cis-regulatory motifs present in the Fas or FasL promoters as
described under Materials and Methods. The data obtained
from the analysis showed the presence of several cis-regula-
tory motifs in both Fas (Fig. 6A) and FasL (Fig. 6B) promot-
ers. Upon analysis of binding affinity of these cis-regulatory
motifs of Fas or FasL promoter with DES-generated tran-
scription factors, the results showed participation of several
cis-regulatory motifs of Fas or FasL promoter in their regu-
lation (Fig. 7). The important cis-regulatory motifs of Fas
promoter that showed binding affinity with DES-generated
transcription factors from T cells were ERE, NF-AT2, AP-1.1,
AP-1.2, NF-«kB2, and NF-kB3 (Fig. 7). cis-regulatory motifs of
FasL promoter that showed binding affinity with DES-gen-
erated transcription factors were ERE, NF-AT1, NF-AT2,
and NF-«kB2 (Fig. 7). The DRE motif of the Fas promoter
showed no or minimal binding affinity with DES-generated
transcription factors (Fig. 7A). The binding of DES-induced
transcription factors with various cis-regulatory motifs of
Fas or FasL promoter was further confirmed by performing
EMSAs. The shift in probe mobility obtained from EMSAs
confirmed the binding of ERE and NF-«B2 motifs of both Fas
and FasL with DES-generated transcription factors (Fig. 8, A
and B). In addition, the shift in mobility of the probes was
specific because cold probes (nonradioactive) reduced the
shift in mobility of the probes (Fig. 8, A and B). Moreover, the
mutant probes of ERE or NF-«kB2 did not show mobility shift
of the probes when incubated together with DES-generated
transcription factors (Fig. 8, A and B). Furthermore, NF-«B1
probes of Fas or FasL did not show mobility shift in the
presence of DES-generated transcription factors (Fig. 8C).
All of these results demonstrated that DES caused up-regu-
lation of Fas or FasL expression by generating transcription
factors and binding with cis-regulatory motifs present in Fas
or FasL promoter regulated their expression.

Payton-Stewart et al. (2010) have shown ER-mediated
gene expression through ERE cis-regulatory motif present in
the promoter. They have demonstrated that glyceollin I
enantiomers that bind with ER regulate several genes
through the ERE of their promoter. Frasor et al. (2009), on
the other hand, have shown extensive positive cross-talk
between the ER and NF-«B and that these factors may act
together to regulates several genes. In another study, Gu-
zeloglu-Kayisli et al. (2008) reported that interaction be-
tween the ER and NF-kB may affect the regulation of
responsive genes by down-regulating NFxkB-dependent
gene activation and directly preventing DNA binding. Safe
and Kim (2008) have shown ER-mediated regulation of
genes through the AP-1 cis-regulatory motif. All of these
studies demonstrate the role of ER, various transcription
factors, and associated cis-regulatory motifs involved in
the induction of various genes.

The induction and expression of Fas and FasL on cells
could constitute a double-edged sword. Underexpression or
mutation in Fas or FasL can cause various disorders, includ-

ing autoimmune lymphoproliferative syndrome and suscep-
tibility to lymphoid cancers (Kovacs et al., 1997b; Grgnbaek
et al., 1998; Straus et al., 1999). In contrast, overexpression
of Fas or FasL results in uncontrolled apoptosis, leading to
cardioretinopathology, neurodegenerative disorders, and
failure to clear pathogens (Kovacs et al., 1997a; Sharma et
al., 2000). The continuous FasL expression in testes has been
shown to cause autoimmunity, leading to fertility problems
(Hu et al., 2003). whereas the immune privilege status of
various organs (eyes and testes) is partially caused by the
high expression of FasL in these organs (Griffith et al., 1995).
FasL constitutively expressed in the thymus plays an impor-
tant role in the ontogenesis and negative selection of T cells
(Kabelitz, 1993), but up-regulated expression of FasL in thy-
mus also leads to development of autoimmunity (Kobata et
al., 1997; Brochu et al., 1999). In addition, in the thyroid
gland, inflammation leading to interaction between Fas and
FasL can cause thymocyte destruction and trigger Hashimo-
tos thyroiditis (Stassi et al., 2000). In the current study, we
noted that Fas and FasL were up-regulated in the T cells in
the presence of DES, which suggests potential deleterious
effects on the development of the normal immune system.

In conclusion, the current study demonstrates that prena-
tal exposure to DES triggers significant alterations in apo-
ptotic molecules expressed on immune cells that play a crit-
ical role in the regulation of autoimmunity and cancer. The
mechanisms include DES-induced transcriptional regulation
of Fas and FasL genes involving ER-mediated signaling and
the participation of ERE and/or NF-kB motifs present on
their promoters. Furthermore, our studies suggest that such
alterations in apoptotic molecules in the thymus may affect
T-cell differentiation and have long-term consequences for
the immune functions.

Acknowledgments

We thank Dr. Amar A. Beg (Columbia University, New York, NY)
for providing mouse Fas promoter cloned in pGL3 vector and Dr.
Timothy L. Ratiff (University of Iowa, Iowa City, IA) for providing
mouse FasL promoter cloned in pGL3 vector.

Authorship Contributions

Participated in research design: N. P. Singh, U. P. Singh, P. S.
Nagarkatti, and M. Nagarkatti.

Conducted experiments: N. P. Singh and U. P. Singh.

Contributed new reagents or analytic tools: N. P. Singh, P. S.
Nagarkatti, and M. Nagarkatti.

Performed data analysis: N. P. Singh, U. P. Singh, P. S. Nagar-
katti, and M. Nagarkatti.

Wrote or contributed to the writing of the manuscript: N. P. Singh,
U. P. Singh, P. S. Nagarkatti, and M. Nagarkatti.

References

Baba T, Mimura J, Gradin K, Kuroiwa A, Watanabe T, Matsuda Y, Inazawa J,
Sogawa K, and Fujii-Kuriyama Y (2001) Structure and expression of the Ah
receptor repressor gene. J Biol Chem 276:33101-33110.

Barker DJ, Eriksson JG, Forsén T, and Osmond C (2002) Fetal origins of adult
disease: strength of effects and biological basis. Int J Epidemiol 31:1235-1239.
Besteman EG, Zimmerman KL, and Holladay SD (2005) Diethylstilbestrol (DES)-
induced fetal thymic atrophy in C57BL/6 mice: inhibited thymocyte differentiation

and increased apoptotic cell death. Int JJ Toxicol 24:231-239.

Brochu S, Rioux-Massé B, Roy J, Roy DC, and Perreault C (1999) Massive activation-
induced cell death of alloreactive T cells with apoptosis of bystander postthymic T
cells prevents immune reconstitution in mice with graft-versus-host disease. Blood
94:390-400.

Brown N, Nagarkatti M, and Nagarkatti PS (2006a) Diethylstilbestrol alters positive
and negative selection of T cells in the thymus and modulates T-cell repertoire in
the periphery. Toxicol Appl Pharmacol 212:119-126.

Brown N, Nagarkatti M, and Nagarkatti PS (2006b) Induction of apoptosis in murine



fetal thymocytes following perinatal exposure to diethylstilbestrol. Int J Toxicol
25:9-15.

Calemine JB, Gogal RM Jr, Lengi A, Sponenberg P, and Ahmed SA (2002) Immu-
nomodulation by diethylstilbestrol is dose and gender related: effects on thymocyte
apoptosis and mitogen-induced proliferation. Toxicology 178:101-118.

Camacho IA, Nagarkatti M, and Nagarkatti PS (2004a) Effect of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on maternal immune response during preg-
nancy. Arch Toxicol 78:290-300.

Camacho TA, Nagarkatti M, and Nagarkatti PS (2004b) Evidence for induction of
apoptosis in T cells from murine fetal thymus following perinatal exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicol Sci 78:96—106.

Camacho IA, Singh N, Hegde VL, Nagarkatti M, and Nagarkatti PS (2005) Treat-
ment of mice with 2,3,7,8-tetrachlorodibenzo-p-dioxin leads to aryl hydrocarbon
receptor-dependent nuclear translocation of NF-kB and expression of Fas ligand in
thymic stromal cells and consequent apoptosis in T cells. o/ Immunol 175:90-103.

Davis IJ and Lau LF (1994) Endocrine and neurogenic regulation of the orphan
nuclear receptors Nur77 and Nurr-1 in the adrenal glands. Mol Cell Biol 14:3469—
3483.

Forsberg JG (2000) Neonatal estrogen treatment and its consequences for thymus
development, serum level of autoantibodies to cardiolipin, and the delayed-type
hypersensitivity response. J Toxicol Environ Health A 60:185-213.

Frasor J, Weaver A, Pradhan M, Dai Y, Miller LD, Lin CY, and Stanculescu A (2009)
Positive cross-talk between estrogen receptor and NF-«B in breast cancer. Cancer
Res 69:8918—8925.

Frawley R, White K Jr, Brown R, Musgrove D, Walker N, and Germolec D (2011)
Gene expression alterations in immune system pathways in the thymus after
exposure to immunosuppressive chemicals. Environ Health Perspect 119:371-376.

Giusti RM, Iwamoto K, and Hatch EE (1995) Diethylstilbestrol revisited: a review of
the long-term health effects. Ann Intern Med 122:778-788.

Golden RJ, Noller KL, Titus-Ernstoff L, Kaufman RH, Mittendorf R, Stillman R, and
Reese EA (1998) Environmental endocrine modulators and human health: an
assessment of the biological evidence. Crit Rev Toxicol 28:109-227.

Griffith TS, Brunner T, Fletcher SM, Green DR, and Ferguson TA (1995) Fas
ligand-induced apoptosis as a mechanism of immune privilege. Science 270:1189—
1192.

Grgnbaek K, Straten PT, Ralfkiaer E, Ahrenkiel V, Andersen MK, Hansen NE,
Zeuthen J, Hou-Jensen K, and Guldberg P (1998) Somatic Fas mutations in
non-Hodgkin’s lymphoma: association with extranodal disease and autoimmunity.
Blood 92:3018-3024.

Guzeloglu-Kayisli O, Halis G, Taskiran S, Kayisli UA, and Arici A (2008) DNA-
binding ability of NF-kB is affected differently by ERa and ERB and its activation
results in inhibition of estrogen responsiveness. Reprod Sci 15:493-505.

Herbst AL, Ulfelder H, and Poskanzer DC (1971) Adenocarcinoma of the vagina.
Association of maternal stilbestrol therapy with tumor appearance in young
women. N Engl J Med 284:878—-881.

Holladay SD, Blaylock BL, Comment CE, Heindel JJ, and Luster MI (1993) Fetal
thymic atrophy after exposure to T-2 toxin: selectivity for lymphoid progenitor
cells. Toxicol Appl Pharmacol 121:8-14.

Hu JH, Jiang J, Ma YH, Yang N, Zhang MH, Wu M, Fei J, and Guo LH (2003)
Enhancement of germ cell apoptosis induced by ethanol in transgenic mice over-
expressing Fas ligand. Cell Res 13:361-367.

Institute of Laboratory Animal Resources (1996) Guide for the Care and Use of
Laboratory Animals Tth ed. Institute of Laboratory Animal Resources, Commis-
sion on Life Sciences, National Research Council, Washington, DC.

Kabelitz D (1993) [The primary immune response]. D¢sch Med Wochenschr 118:
1575-1576.

Kobata T, Takasaki K, Asahara H, Hong NM, Masuko-Hongo K, Kato T, Hirose S,
Shirai T, Kayagaki N, Yagita H, et al. (1997) Apoptosis with FasL+ cell infiltration
in the periphery and thymus of corrected autoimmune mice. Immunology 92:206—
213.

Kovacs B, Liossis SN, Dennis GdJ, and Tsokos GC (1997a) Increased expression of
functional Fas-ligand in activated T cells from patients with systemic lupus
erythematosus. Autoimmunity 25:213-221.

Kovacs B, Szentendrei T, Bednarek JM, Pierson MC, Mountz JD, Vogelgesang SA,
and Tsokos GC (1997b) Persistent expression of a soluble form of Fas/APO1 in
continuously activated T cells from a patient with SLE. Clin Exp Rheumatol
15:19-23.

Lai ZW, Fiore NC, Hahn PJ, Gasiewicz TA, and Silverstone AE (2000) Differential
effects of diethylstilbestrol and 2,3,7,8-tetrachlorodibenzo-p-dioxin on thymocyte

DES Regulates Fas/FasL via ERE and NF-«B 361

differentiation, proliferation, and apoptosis in bel-2 transgenic mouse fetal thymus
organ culture. Toxicol Appl Pharmacol 168:15-24.

Marselos M and Tomatis L (1992a) Diethylstilboestrol: I, pharmacology, toxicology
and carcinogenicity in humans. Eur J Cancer 28A:1182-1189.

Marselos M and Tomatis L (1992b) Diethylstilboestrol: II, pharmacology, toxicology
and carcinogenicity in experimental animals. Eur J Cancer 29A:149-155.

Miyagawa S, Sato M, and Iguchi T (2011) Molecular mechanisms of induction of
persistent changes by estrogenic chemicals on female reproductive tracts and
external genitalia. o Steroid Biochem Mol Biol 127:51-57.

Nair R and Shaha C (2003) Diethylstilbestrol induces rat spermatogenic cell apo-
ptosis in vivo through increased expression of spermatogenic cell Fas/FasL system.
J Biol Chem 278:6470—6481.

Payton-Stewart F, Khupse RS, Boué SM, Elliott S, Zimmermann MC, Skripnikova
EV, Ashe H, Tilghman SL, Beckman BS, Cleveland TE, et al. (2010) Glyceollin I
enantiomers distinctly regulate ER-mediated gene expression. Steroids 75:870—
878.

Phillips DI (2006) External influences on the fetus and their long-term consequences.
Lupus 15:794-800.

Puga A, Barnes SJ, Chang C, Zhu H, Nephew KP, Khan SA, and Shertzer HG (2000)
Activation of transcription factors activator protein-1 and nuclear factor-kB by
2,3,7,8-tetrachlorodibenzo-p-dioxin. Biochem Pharmacol 59:997-1005.

Rowas SA, Haddad R, Gawri R, Al Ma’awi AA, Chalifour LE, Antoniou J, and Mwale
F (2012) Effect of in utero exposure to diethylstilbestrol on lumbar and femoral
bone, articular cartilage, and the intervertebral disc in male and female adult mice
progeny with and without swimming exercise. Arthritis Res Ther 14:R17.

Safe S, Kim K, and Kim K (2008) Non-classical genomic estrogen receptor (ER)/
specificity protein and ER/activating protein-1 signaling pathways. J Mol Endo-
crinol 41:263-275.

Schlezinger JJ, Blickarz CE, Mann KK, Doerre S, and Stegeman JJ (2000) Identi-
fication of NF-«kB in the marine fish Stenotomus chrysops and examination of its
activation by aryl hydrocarbon receptor agonists. Chem Biol Interact 126:137-157.

Sharma K, Wang RX, Zhang LY, Yin DL, Luo XY, Solomon JC, Jiang RF, Markos K,
Davidson W, Scott DW, et al. (2000) Death the Fas way: regulation and patho-
physiology of CD95 and its ligand. Pharmacol Ther 88:333—347.

Singh NP, Nagarkatti M, and Nagarkatti PS (2007) Role of dioxin response element
and nuclear factor-xB motifs in 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated reg-
ulation of Fas and Fas ligand expression. Mol Pharmacol 71:145-157.

Singh NP, Nagarkatti M, and Nagarkatti P (2008) Primary peripheral T cells become
susceptible to 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated apoptosis in vitro
upon activation and in the presence of dendritic cells. Mol Pharmacol 73:1722—
1735.

Singh NP, Singh US, Nagarkatti M, and Nagarkatti PS (2011) Resveratrol (3,5,4'-
trihydroxystilbene) protects pregnant mother and fetus from the immunotoxic
effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin. Mol Nutr Food Res 55:209-219.

Smith BJ and Holladay SD (1997) Immune alterations in geriatric mice dosed
subacutely with diethylstilbestrol (DES). J Appl Toxicol 17:265-271.

Stassi G, Di Liberto D, Todaro M, Zeuner A, Ricci-Vitiani L, Stoppacciaro A, Ruco L,
Farina F, Zummo G, and De Maria R (2000) Control of target cell survival in
thyroid autoimmunity by T helper cytokines via regulation of apoptotic proteins.
Nat Immunol 1:483-488.

Straus SE, Sneller M, Lenardo MdJ, Puck JM, and Strober W (1999) An inherited
disorder of lymphocyte apoptosis: the autoimmune lymphoproliferative syndrome.
Ann Intern Med 130:591-601.

Sulentic CE, Holsapple MP, and Kaminski NE (2000) Putative link between tran-
scriptional regulation of IgM expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin
and the aryl hydrocarbon receptor/dioxin-responsive enhancer signaling pathway.
J Pharmacol Exp Ther 295:705-716.

Yoshida M, Takahashi M, Inoue K, Hayashi S, Maekawa A, and Nishikawa A (2011)
Delayed adverse effects of neonatal exposure to diethylstilbestrol and their dose
dependency in female rats. Toxicol Pathol 39:823—834.

Zheng Y, Ouaaz F, Bruzzo P, Singh V, Gerondakis S, and Beg AA (2001) NF-«B RelA
(p65) is essential for TNF-a-induced fas expression but dispensable for both
TCR-induced expression and activation-induced cell death. J Immunol 166:4949—
4957.

Address correspondence to: Dr. Mitzi Nagarkatti, Department of Pathol-
ogy, Microbiology, and Immunology, University of South Carolina School of
Medicine, Columbia, SC 29208. E-mail: mnagark@uscmed.sc.edu




